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57 ABSTRACT

A tissue ablation apparatus includes a body having at least
two lumens extending therethrough and an ultrasound abla-
tion element positioned within a distal region of the body. The
ultrasound ablation element includes an ultrasound trans-
ducer and a membrane. One of the lumens is arranged so as to
deliver a fluid into a cavity defined between the transducer
and the membrane. A first orifice is provided in the body
proximal of the ultrasound ablation element and is open to the
first lumen to define a first vacuum pathway. A distal vacuum
chamber, opening to a second orifice in the body, is defined by
the body distal of the ultrasound ablation element and is in
communication with the first lumen to define a second
vacuum pathway. At least one flow control apparatus is pro-
vided to regulate flow through one of the vacuum pathways
independent of flow through the other vacuum pathway.

20 Claims, 13 Drawing Sheets
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VACUUM-STABILIZED ABLATION SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 12/408,632 filed 20 Mar. 2009, which claims the
benefit of U.S. provisional application No. 61/101,972 filed 1
Oct. 2008. This application is also related to U.S. application
Ser.No. 11/785,427, filed 17 Apr. 2007. Each of the foregoing
is hereby incorporated by reference as though fully set forth in
their respective entireties herein.

BACKGROUND OF THE INVENTION

a. Field of the Invention

The present disclosure pertains generally to an electro-
physiological device and method for providing energy to
biological tissue and, more particularly, to a family or group
of ablation systems that employ a form of vacuum stabiliza-
tion to provide greater contact between at least one ablation
element and a targeted volume of tissue.

b. Background Art

Ablation of a volume of target tissue can involve moving
and non-moving organs such as a kidney or liver and a heart,
respectively. In the latter case, the heart beats or contracts
when an electrical impulse originating from the sinoatrial
node (SA node) travels through the right and left atria, and
then activates the atrioventricular node (AV node). From the
AV node, the electrical impulse travels through the right and
left ventricles via a group of specialized fibers called the
His-Purkinje fibers. The impulse causes synchronized con-
traction of the chambers of the heart. Cardiac conduction
irregularities, or any change from the normal sequence of
electrical impulses, can cause various arrthythmias, such as
atrial fibrillation, atrial flutter and certain ventricular arrhyth-
mias. These conditions can decrease cardiac output and
reduce tissue perfusion to the detriment of a subject.

Cardiac ablation is a procedure for treating various arrhyth-
mias by selectively damaging heart tissue in the region where
aberrant or abnormal electrical activity is occurring. The
damaged tissue blocks the aberrant pathways and restores
normal heart rhythm. Various energy delivery schemes may
be used, including, but not limited to, cryogenic ablation,
radiofrequency (RF) ablation, laser ablation, ultrasound abla-
tion, and microwave ablation. Ablation devices are used to
create linear lesions or tiny scars that cut-off or disconnect the
abnormal electrical pathway.

Ablation procedures rely on stable contact between the
medical device and the targeted tissue. For certain ablation
procedures involving the cardiac anatomy, such as a left atrial
pulmonary vein isolation (PVI) procedure, the epicardial sur-
faces of posterior portions of a heart must be accessed. To
reach such surfaces from an anterior location (e.g., via a
minimally invasive subxiphoid incision) requires the catheter,
in particular the distal portion of an elongate catheter, to
traverse a tortuous route to reach target tissue. Establishing
adequate contact with the target tissue to successfully per-
form a PVI (i.e., create a continuous lesion or set of connected
lesions around one or more pulmonary veins) presents chal-
lenges to the practitioner. Furthermore, in some transvenous
catheter applications, the point of electrode-tissue contact is
as far as about 150 cm away from the point of application of
force. These challenges give rise to functional and theoretical
challenges associated with conventional devices, and thus,
the ability to accurately stabilize the device at the point of
contact with a line of target tissue is increasingly important.
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The use of reduced pressure, for example by applying a
vacuum at or near the point of contact between the medical
device and the target tissue, has been contemplated for adher-
ing the device to tissue.

There is a need for electrophysiological devices that pro-
vide greater contact stability for control of medical treatments
involving contact with a volume of targeted tissue.

Thereis a need for improved ablation elements that provide
greater stability, i.e., limit relative motion between the ablat-
ing element and the tissue at the point of contact.

BRIEF SUMMARY OF THE INVENTION

The systems and methods described herein are useful for
the ablation of cardiac tissue for treating cardiac conduction
irregularities that can cause various arrhythmias such as atrial
fibrillation, atrial flutter and certain ventricular arrhythmias.
In particular, the systems and methods described herein are
useful for the ablation of epicardial tissue via a percutaneous
subxiphoid approach. Disclosed herein are vacuum-stabi-
lized ablation devices that include ablating elements capable
of'providing regions of relatively low pressure to maintain the
ablating element in a stable position relative to the tissue, or
minimize relative movement of the ablating element relative
to the tissue. The devices of the present invention may also
include one or more pairs of electrodes positioned on oppo-
site sides of the ablating element, for example, for both ori-
enting the ablating element and confirming contact with a
portion of active myocardial substrate, as well as for diagnos-
tic purposes (e.g., confirming conduction block, if desired).
Also disclosed herein are methods of using the improved
devices in cardiac ablation procedures.

An object of the present invention is to provide ablation
systems having improved stability at the point of contact.

Another object of the present invention is to provide abla-
tion systems incorporating ablating elements having inte-
grated vacuum capture mechanisms.

A further object of the present invention is to provide
ablation systems having directional ablating elements and
means for orienting the ablating elements relative to a target
tissue.

Disclosed herein is a tissue ablation apparatus including: a
body having at least a first lumen and a second lumen extend-
ing therethrough and an ultrasound ablation element posi-
tioned within a distal region of the body. The ultrasound
ablation element includes: an ultrasound transducer and a
membrane extending over at least a portion of the ultrasound
transducer, thereby defining a cavity between the membrane
and the ultrasound transducer. The second lumen is coupled
to the cavity to define a fluid pathway. The apparatus also
includes a first orifice in the body proximal of the ultrasound
ablation element and open to the first lumen to define a first
vacuum pathway; a distal vacuum chamber defined by the
body distal of the ultrasound ablation element and in commu-
nication with the first lumen to define a second vacuum path-
way; a second orifice in the body distal of the ultrasound
ablation element and open to the distal vacuum chamber; and
at least one flow control apparatus positioned to regulate flow
through one of the vacuum pathways independent of flow
through the other vacuum pathway.

In certain aspects, the tissue ablation apparatus further
includes a third lumen coupled to the first lumen. The third
lumen can be in communication with the distal vacuum cham-
ber, and the second vacuum pathway can include the third
lumen. Typically, an interior cross-sectional area of the first
lumen is about 10 to about 20 times greater than an interior
cross-sectional area of the third lumen.
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It is contemplated that the at least one flow control appa-
ratus can include: a first flow control apparatus positioned to
regulate flow through the first vacuum pathway independent
of flow through the second vacuum pathway and a second
flow control apparatus positioned to regulate flow through the
second vacuum pathway independent of flow through the first
vacuum pathway.

Optionally, the fluid pathway can include an outlet that
opens into the second vacuum pathway. A fluid flow control
apparatus can be positioned to regulate fluid flow through the
outlet of the fluid pathway and into the second vacuum path-
way. For example, the fluid flow control apparatus can have an
inlet and an outlet, and the inlet of the fluid flow control
apparatus can have a cross-sectional area between about 4 and
about 20 times greater than a cross-sectional area of the outlet
of the fluid flow control apparatus.

The at least one flow control apparatus can include an iris.
An actuator can be coupled to the body and mechanically and
operably linked to the iris in order to vary an effective size
thereof. Alternatively, the at least one flow control apparatus
can include a passive flow regulating apparatus.

Also disclosed herein is a tissue ablation apparatus includ-
ing: a body having at least a first lumen and a second lumen
extending therethrough and an ultrasound ablation element
positioned within a distal region of the body. The ultrasound
ablation element includes an ultrasound transducer and a
membrane extending over at least a portion of the ultrasound
transducer, thereby defining a cavity between the membrane
and the ultrasound transducer. The second lumen can be
coupled to the cavity to define a fluid pathway. The tissue
ablation apparatus also generally includes: a first orifice in the
body proximal of the ultrasound ablation element and open to
the first lumen to define a first vacuum pathway; a second
orifice in the body distal of the ultrasound ablation element
and open to the first lumen to define a second vacuum path-
way, wherein the fluid pathway is coupled to the second
vacuum pathway; a flow control apparatus positioned to regu-
late flow through the second vacuum pathway independent of
flow through the first vacuum pathway; and a fluid flow con-
trol apparatus positioned to regulate flow through the fluid
pathway into the second vacuum pathway.

The fluid flow control apparatus can, for example, be posi-
tioned at a junction between the fluid pathway and the second
vacuum pathway. Likewise, the flow control apparatus can,
for example, be positioned at a distal end of the first lumen.

At least one of the fluid flow control apparatus and the flow
control apparatus can include an iris. An actuator can then be
coupled to the elongate body and mechanically and operably
linked to the iris to adjust an effective size thereof. Alterna-
tively, at least one of the fluid flow control apparatus and the
flow control apparatus can include a passive flow regulating
apparatus.

In another aspect of the disclosure, a tissue ablation appa-
ratus includes: a tubular body having a proximal end and a
distal region; a vacuum lumen extending through the tubular
body from the proximal end to the distal region; an irrigation
lumen extending through the tubular body from the proximal
end to the distal region; and an ultrasound ablation element
positioned within the distal region of the tubular body. The
ultrasound ablation element includes: an ultrasound trans-
ducer and a membrane extending over at least a portion of the
ultrasound transducer, thereby defining a cavity between the
membrane and the ultrasound transducer, wherein the irriga-
tion lumen discharges into the cavity. The tissue ablation
apparatus also generally includes a first vacuum orifice
through the tubular body into the vacuum lumen proximal of
the ultrasound ablation element; a second vacuum orifice
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through the tubular body into the vacuum lumen distal of the
ultrasound ablation element, a fluid discharge orifice in com-
munication with the cavity and proximate a junction between
the second vacuum orifice and the vacuum lumen; and at least
one means for controlling a flow through one of the first
vacuum orifice, the second vacuum orifice, and the fluid dis-
charge orifice independent of others of the first vacuum ori-
fice, the second vacuum orifice, and the fluid discharge ori-
fice.

According to certain aspects, the at least one means for
controlling a flow includes: a first means for controlling a flow
through one of the first and second vacuum orifices indepen-
dent of the other of the first and second vacuum orifices and
the fluid discharge orifice; and a second means for controlling
a flow through the fluid discharge orifice independent of flow
through the first and second vacuum orifices. The at least one
means for controlling a flow may be active or passive.

The foregoing and other aspects, features, details, utilities,
and advantages of the present invention will be apparent from
reading the following description and claims, and from
reviewing the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a perspective view of one embodiment of an
ablation system according to the present invention.

FIG. 2A is a top view of another embodiment of an ablation
system according to the present invention having a guiding
catheter and a coaxial ablation catheter.

FIG. 2B depicts a top view of the distal portion of the
ablation catheter depicted in FIG. 2A.

FIG. 3 illustrates a close-up perspective view of the distal
portion of an ablation catheter in a coaxial relationship with a
guiding catheter.

FIG. 4A is a top view of a distal portion of an ablation
system described herein.

FIG. 4B is an enlarged view of the ablation tip depicted in
FIG. 4A.

FIG. 5A depicts a cross-sectional elevation view of the
ablation system depicted in FIG. 4A taken along line A-A.

FIG. 5B is an enlarged cross-sectional elevation view of the
ablation tip depicted in FIG. SA.

FIG. 6 illustrates a partial perspective view of an ablation
catheter described herein.

FIG. 7 depicts a partial perspective view of the distal por-
tion of an ablation system described herein.

FIG. 8 is a side elevation view of an ablation system
described herein.

FIG. 9 is an enlarged perspective view of an ablating ele-
ment having a textured surface.

FIG. 10 1is a simplified, perspective view depicting an abla-
tion system contacting an epicardial surface as described
herein.

FIG. 11 illustrates a perspective view of a handle design for
use with the present ablation systems.

FIG. 12 is a fragmentary view illustrating exemplary inter-
nal portions of the handle depicted in FIG. 11.

FIG. 13 is a side view depicting another handle design for
ablation systems described herein.

FIG. 14 is a perspective view of the handle design depicted
in FIG. 13.

FIG. 15 illustrates various ablation system configurations
as described herein.

FIG. 16 is a perspective, cut-away view of a tissue ablation
apparatus according to another aspect of the disclosure.
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FIGS. 17A through 17C depict various flow regulation
apparatuses.

DETAILED DESCRIPTION OF THE INVENTION

Described herein are tissue ablation systems useful, for
example, in the treatment of cardiac conduction irregularities
that can cause acute and chronic arrhythmias, such as atrial
fibrillation, atrial flutter, and ventricular rhythm disorders.
The systems and methods will be described in connection
with epicardial tissue ablation utilizing electrically-activated
electrodes (e.g., acoustic or high intensity focused ultrasound
(HIFU), radiofrequency (RF) electrodes, and the like); how-
ever, it is contemplated that the described features may be
incorporated into or combined with other energy delivery
schemes (e.g., cryogenic, chemical, etc.), as would be appre-
ciated by one of ordinary skill in the art by virtue of the
teachings herein.

With reference to FIG. 1, an ablation system 60 is shown.
The ablation system 60 includes an ablation catheter 10 and a
coaxial guiding catheter 50. An ablating element 20 is dis-
posed on the distal portion 16 of the ablation catheter 10. The
guiding catheter 50 includes a handle 58 attached to the
proximal end portion 54.

Referring to FIGS. 1, 2A/B, 3, 4A/B, 5A/B, and 6-8, the
guiding catheter 50 includes an elongate body 52 having a
lumen 55 extending therethrough, a proximal end portion 54,
a distal end 56 and a handle 58 connected to the proximal end
portion 54. In one embodiment, a distal portion 62 of the
guiding catheter 50 comprises a preformed member having a
curved configuration, such as an arbitrary or complex shape,
or the like, or as illustrated in FIG. 10, a partial hoop, hook or
C-shape. In another embodiment, the guiding catheter 50
includes steering mechanisms or elements, such as resilient
pull wires and anchor rings, making it steerable by an opera-
tor. That is, structure that permits the distal portion 62 to curve
and/or deflect to access a desired target tissue location or
ablation site.

The ablation catheter 10 slides axially within the lumen 55
of the guiding catheter 50 in coaxial relationship. The abla-
tion catheter 10 includes an elongate body 12 having a lumen
15 extending therethrough, a proximal end 14 and a distal
portion 16. A handle 18 mechanically couples to the proximal
end 14 of the elongate body 12. The distal portion 16 includes
one or more ablating elements 20. A single ablating element
20 (as depicted in the figures) or two or more ablating ele-
ments 20 can operatively couple to the distal portion 16 of the
elongate body 12.

Referring to FIGS. 3 and 5B, for example, the ablating
element 20 is mounted in a housing 22 that is affixed to the
distal end of the elongate body 12. The ablating element 20
includes a first surface 24 disposed within the interior of the
housing 22 and a second surface 26 opposite the first surface
24. The second surface 26 provides an interface between the
ablating element 20 and the tissue. During use, the second
surface 26 is oriented towards and positioned adjacent to a
target tissue for ablation. The second surface 26 has a base
portion 28 and a rim 32 that defines the perimeter or circum-
ference of the ablating element 20. At least one port 30
extends through the ablating element 20 from the first surface
24 to the second surface 26. In one embodiment, the at least
one port 30 extends through the base portion 28 of the second
surface 26, but it is contemplated that the at least one port 30
may extend through any portion of the second surface 26
between the base portion 28 and the rim 32. The at least one
port 30 is coupled to a source of varying pressure (not shown),
for example a vacuum pump. Activation of the source of
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varying pressure results in a pressure differential between the
ablating element 20 and the tissue, the second surface 26
defining a region of lower pressure compared to the ambient
pressure, that draws the ablating element towards the tissue
and stabilizes the device relative to the tissue.

In one embodiment, the second surface 26 has a curved or
concave shape, such as the hemicapsule shape depicted in the
figures. A hemicapsule shape is described as a cylinder
capped with hemispheres that is divided in half along the axis
of'the cylinder. Other variations of the hemicapsule shape are
also possible, for example, a hemisphere, a hemicylinder, and
a hemi-ellipsoid, or any other configuration that provides for
a volume of space that increases the effective surface area of
the second surface 26. The concave shape allows the second
surface 26 to conform to the contours of the target tissue. The
concave shape also permits the ablating element 20 to be
drawn towards the tissue when a vacuum is applied so that the
ablating element 20 can be maintained in a stable position
relative to the tissue. While various curved or concave shapes
have been discussed herein, it is also contemplated that the
second surface 26 may be flat.

In another embodiment, the ablating element 20 is a radiof-
requency (RF) ablating element. The RF ablating element is a
conductive metal having, in one embodiment, a concave sur-
face as described above. The metal may be any conductive
metal or a metal alloy consisting of one or more of gold,
silver, platinum, iridium, titanium, tantalum, zirconium,
vanadium, niobium, hafnium, aluminum, silicone, tin, chro-
mium, molybdenum, tungsten, manganese, beryllium,
cobalt, nickel, palladium, osmium, rhenium, technetium,
rhodium, ruthenium, cadmium, zinc, germanium, antimony,
bismuth, boron, scandium and metals of the lanthanide and
actinide series, or any other biocompatible material. In some
embodiments, it may be desirable to include a layer of bio-
compatible material covering the conductive metal. In
another embodiment, the ablation catheter 10 may incorpo-
rate other types of ablating elements suitable for forming
ablation lesions such as a microwave transmitter, a cryogenic
element, an optical element, or an acoustic transducer, for
example a high intensity focused ultrasound transducer.

In one embodiment, the ablating element 20 has a length of
about 5 mm to about 10 mm and has a width of about 1 mm to
about 5 mm. In another embodiment, the ablating element has
a length of about 6 mm and a width of about 3.25 mm. In a
further embodiment, the ablating element has a length of
about 7 mm and a width of about 3.25 mm. It is to be under-
stood that the ablating element 20 does not necessarily have a
rectangular shape as the described dimensions may suggest,
but may have the concave or hemispherical shapes discussed
herein. Thus, the dimensions provided are merely exemplary
and are not intended to be limiting.

As previously noted, the ablating element 20 includes at
least one port 30 extending through the ablating element 20
from the first surface 24 to the second surface 26. The at least
one port 30 is an opening or aperture that extends through the
ablating element 20. The at least one port 30 is coupled to a
source of varying pressure (not shown) so that a low pressure
region can be established between the second surface 26 of
the ablating element 20 and the target tissue. Two ports 30 are
depicted in the embodiment shown in FIG. 3. In other
embodiments, the ablating element 20 includes a single port
30 or more than two ports as would be appreciated by a person
of'skill in the art. The size of the ports 30 is selected to provide
a region of relatively low pressure as between the ablating
element 20 and the tissue, such as through the application of
a vacuum, to maintain the ablating element 20 in a stable
position relative to the tissue, and at the same time to reduce
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the risk that the tissue may be drawn into the ports 30, thus
occluding or impeding the ports 30. The size and number of
the ports 30 may be varied according to the application.

In one embodiment, the port 30 is circular, however, as a
person of skill in the art appreciates, the shape of the one or
more ports 30 can be designed and fabricated having diverse
and/or differing shapes and cross-sectional areas, for
example, having an oval, square, rectangular, slit, or any other
regular or irregular shape, area, and cross-section. In another
embodiment, the port 30 may be substantially circular with a
plurality of narrow off-shoots or appendages extending radi-
ally outwardly to form a star-like configuration.

Referring to FIGS. 5A and 5B, the ports 30 couple to at
least one suction lumen 36. The suction lumen 36 extends
through the elongate body 12 and may be connected to a
source of varying pressure (not shown), such as a vacuum
source. The suction lumen 36 may be a tube or other channel.
The suction lumen 36 may connect directly to the ports 30, or
the suction lumen 36 may couple to a suction cavity 34 that
connects to the ports 30. The suction cavity 34 can serve as a
manifold to couple multiple ports 30 to the suction lumen 36.
If the ablation catheter 10 includes more than one port 30, a
separate suction lumen 36 may be coupled to each port 30, or
a single suction lumen 36 may be coupled to each of the ports
30. The suction lumen 36 may be a separately-formed tube or
lumen extending through the lumen 15 of the elongate body
12, or the suction lumen 36 may be integrally-formed within
the lumen 15 of the elongate body 12. In use, when the
vacuum source is activated, an area of low pressure relative to
the ambient pressure is formed in the region ofthe ports 30 on
the second surface 26, which draws the ablating element 20
towards the adjacent target tissue.

In another embodiment, the suction lumen 36 can be oper-
ated in a reverse flow manner. In this embodiment, the suction
lumen 36 is coupled to a source of fluid, for example saline,
and fluid is delivered through the suction lumen 36 and the
ports 30 to expel or remove obstructions or debris. The suc-
tion lumen 36 may be interchangeably coupled to both a
source of fluid and a source of varying pressure via a valve, or
the suction lumen 36 may be manually coupled to either a
source of fluid or a source of varying pressure to switch
between a stabilizing mode and an irrigating mode.

Referring now to FIG. 9, in one embodiment, the ablating
element 20 includes an anti-occlusion element 40 on the
second surface 26 that prevents the tissue from being drawn
into the ports 30 and occluding the ports 30 resulting in loss of
tissue capture. In embodiments having two or more ports,
occluding one port may result in loss of contact at the other
ports. Thus, it is useful to provide a mechanism to reduce or
eliminate the incidence of port occlusion. As shown in FIG. 9,
the anti-occlusion element 40 may be a series of grooves 46
formed on the second surface 26 of the ablating element 20.
The grooves 46 are depressions, textures or indentations
formed or etched on the second surface 26 that communicate
with the port 30. In other words, the grooves 46 connect to or
join an outer edge 35 of the at least one port 30. In one
embodiment, the anti-occlusion element 40 may include a
series of grooves 46 expanding radially outwardly from the
outer edge 35 of the port 30 to the rim 32. In another embodi-
ment, the anti-occlusion element 40 may include a series of
ridges or protuberances (not illustrated) on the second surface
26. The ridges or protuberances may be raised elements
arranged in various patterns to give the second surface 26
texture or roughness.

In yet a further embodiment, the anti-occlusion element 40
may include a conductive mesh or screen (not shown) over-
laying and adhered to at least a portion of the second surface
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26. The conductive mesh or screen prevents tissue from being
sucked into the port 30 and clogging or plugging the port 30.
In one embodiment, the mesh or screen is thermally conduc-
tive and/or non-attenuating so that it does not interfere with
the delivery of ablative energy during use—the ablative
energy will transmit through the mesh or screen. In another
embodiment, the conductive mesh or screen is made of a
metallic material, such as a metallic wire, alloy or clad mate-
rial, a conductive polymer material, a conductive composite
material, or a conductive fibrous material. The conductive
mesh or screen overlays and is affixed to the second surface 26
and may be electrically coupled to the ablating element 20.
Alternatively, the mesh or screen may be made of an RF-
transmissive (i.e., non-attenuating), non-conductive material
such as a polymer. The mesh or screen may overlay the entire
surface of the second surface 26 or a portion of the second
surface 26 that includes the at least one port 30. A combina-
tion of anti-occlusion elements may also be used, for
example, both ridges and a mesh or a screen.

In yet another embodiment, a button electrode is disposed
on the second surface 26. The button electrode can be dis-
posed on the base portion 28 of the second surface 26, or on
any portion of the second surface 26 between the base portion
28 and the rim 32. The second surface 26 may or may not
comprise a conductive material. In one embodiment, the sec-
ond surface 26 is made of a conductive material, and the
button electrode is surrounded by or embedded in an insula-
tive material. In another embodiment, the rim 32 is made of a
non-metallic, non-conductive and pliant material.

Referring again to FIGS. 3, 5A and 5B, in yet another
embodiment, the ablation catheter 10 includes an irrigation
channel 38 surrounding at least a portion of the rim 32 of the
ablating element 20. In one embodiment, the irrigation chan-
nel 38 completely surrounds the rim 32. The irrigation chan-
nel 38 is a narrow passage or opening that permits a fluid to
flow to the tissue in the vicinity of the ablating element 20.
The fluid may be saline, hypertonic saline, water, refrigerant,
or the like and may be used to cool the tissue and/or as a
transmission medium for delivering energy, such as RF or
ultrasonic energy, to the tissue. The irrigation channel 38 is in
fluid communication with an irrigation lumen 42. The irriga-
tion lumen 42 extends through the lumen 15 of the elongate
body 12 and couples to a fluid source (not shown). In one
embodiment, a distal end of the irrigation lumen 42 couples
directly to the irrigation channel 38. In another embodiment,
the irrigation lumen 42 couples to an irrigation inlet port 44
which couples to the irrigation channel 38. The source of
varying pressure and the fluid source can be activated either
independently or simultaneously without one interfering with
or disrupting the other. Accordingly, control of the source of
pressure overcomes any incoming irrigation fluid while main-
taining suction stabilization relative to the target tissue.

The ablation catheters described and depicted herein are
directional. In other words, successful ablation depends on
proper orientation of the ablating element 20 relative to the
target tissue. For example, when ablating epicardial tissue,
the second surface 26 must be operatively oriented with
respectto the target tissue (e.g., towards the cardiac myocytes
forming the epicardium).

In a further embodiment, to assist in orienting and locating,
the ablation catheter 10 includes one or more electrodes 48
disposed on the distal portion 16 of the elongate body 12 (see
FIG. 3, for example). The electrodes 48 may advantageously
be used to orient the ablation catheter 10 to ensure that the
second surface 26 of the ablating element 20 is facing or
oriented towards the tissue desired to be ablated. In a particu-
lar configuration, the electrodes 48 may be unipolar or bipolar
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electrogram (EGM) electrodes adapted to measure electrical
activity present on a surface of the tissue. For example, in one
embodiment, a pair of bipolar electrodes 48 is disposed on an
outer surface of the housing 22, the electrodes in the pair
being disposed on opposite sides of the ablating element 20,
as shown in FIG. 6, for example. In another embodiment, two
pairs of bipolar electrodes 48 are used, as shown in FIG. 3, for
example. The electrodes 48 are disposed on opposite sides of
the ablating element 20 in a lateral direction generally per-
pendicular to a central axis of the elongate body 12 of the
ablation catheter 10. Alternatively, or in addition to the fore-
going, a bipolar pair of electrodes 48 may be disposed on
opposite sides of the ablating element 20 in a lateral direction
generally parallel to a central axis of the catheter body. In one
embodiment, a side portion ofthe electrodes 48 (i.e., a portion
that is exposed on the side of the housing 22, as shown in FI1G.
3), is covered in a biocompatible material to prevent pacing
and/or sensing of tissue that may contact the side portion of
the electrodes 48. To ensure that the second surface 26 of the
ablating element 20 is properly oriented towards the target
tissue, the top portion of the electrodes 48 (i.e., the portion
that is co-planar with the rim 32 of the second surface 26),
emits and/or senses the pacing and/or sensing signals.

The electrodes 48 are coupled to an EGM-measurement
circuit and a display or user interface for displaying EGM
data. When the electrodes 48 are touching cardiac tissue, such
as the epicardium, the electrodes 48 will sense an EGM
signal. This will indicate to the user that the ablating element
20 is properly oriented. If the electrodes 48 do not sense an
EGM signal, then the ablating element 20 is not facing car-
diac tissue and must be re-oriented until an EGM signal is
sensed. A signal can be activated for either or both states (i.e.,
electrodes coupled and not coupled to cardiac tissue) to alert
the operator of a current state via a variety of modalities such
as acoustic, visual, haptic or vibratory and the like.

In another embodiment, the electrodes 48 are used for
diagnostic purposes, for example, to confirm that an effective
lesion has been created. In this embodiment, the electrodes 48
are coupled to an impedance-measuring circuit. An ablation
lesion is non-conductive scar tissue; thus, the lesion blocks
electrical signals. Because impedance measures resistance,
the effectiveness of an ablation lesion can be determined
based on impedance measurements. Impedance can be mea-
sured before, during or after applying ablative energy to the
tissue. If an effective lesion has been created, the impedance
will be higher after ablation compared to pre-ablation imped-
ance measurements. Also, impedance can be used to identify
a discontinuity in an ablation lesion (i.e., the impedance will
be lower near the discontinuity).

In a further embodiment, a pair of electrodes 48 is used
confirm the completeness of a lesion in a pacing and sensing
mode. In this embodiment, a pair of electrodes 48 is posi-
tioned on opposite sides of the ablating element 20. A first
electrode of the pair of electrodes 48 sends a pacing signal.
The second electrode senses or detects the pacing signal only
if the lesion is incomplete. Once an effective lesion is made,
the second electrode will no longer detect the pacing signal.
In this embodiment, the electrodes 48 are connected to a
pulse-generator and monitor as is known in the art. In an
alternative embodiment, both of the electrodes 48 may be
sensing electrodes with both electrodes sensing normal activ-
ity. When only one of the electrodes senses the activity an
effective lesion has been created.

It is further contemplated that the rim 32 of the ablating
element 20 operates as a pacing and/or sensing electrode.
During use, the rim 32 ofthe ablating element 20 contacts the
target tissue. Thus, the ablating element 20 can alternate or
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cycle between an ablating mode and a pacing and/or sensing
mode. In this embodiment, the ablating element 20 is coupled
to both an RF generator and a pulse-generator. It may be
further desirable to include a suitable filtering and/or shield-
ing mechanism when coupling the ablating element 20 to
both a high power, high frequency RF generator and low
power, low frequency pacing and sensing circuitry. Because
of'the relative difference in size between the ablating element
20 and the electrodes 48, suitable adjustments may need to be
made to the pacing parameters. The ablating element 20 can
be either unipolar or bipolar. In a bipolar configuration, the
ablating element 20 operates with one or more of the elec-
trodes 48 disposed on the housing 22. In an alternative
embodiment, a ring electrode (not shown) is disposed on a
distal end of the housing 22. When the ablating element 20
serves as a single conductor for both the high power, high
frequency RF generator

In another embodiment, the ablation device 10 includes
one or more temperature sensors 64, such as thermistors or
thermocouples, disposed on the distal portion 16 of the elon-
gate body 12 (see FIG. 3). The one or more temperature
sensors are positioned to measure the temperature of the
ablating element 20, the fluid that flows through the irrigation
channel 38 to the tissue, and/or the tissue. In one embodiment,
temperature sensors 64 are positioned distally and/or proxi-
mally of the ablating element 20 as shown in FIG. 3. Tem-
perature readings from the one or more temperature sensors
64 may be output and presented as advisory data to a practi-
tioner (analogous to the above relating to the state of the
electrode(s)). For example, temperature readings may be pre-
sented via a display (e.g., a color, number, or symbol), a tone
(e.g., an audible alarm), and/or haptic or vibratory feedback.
This allows the practitioner to adjust the rate at which energy
is delivered by the ablating element 20 and/or the rate at
which a fluid is delivered through the irrigation lumen 42 in
order to maintain a particular temperature or temperature
range at the tissue.

Referring to FIGS. 2A, 3 and 10, the elongate body 12 of
the ablation catheter 10 is slidably disposed through the
lumen 55 of the guiding catheter 50 in a coaxial configuration.
In one embodiment, both the ablation catheter 10 and the
guiding catheter 50 are steerable and/or deflectable. In this
embodiment, the ablation catheter 10 and the guiding catheter
50 include one or more steering wires or pull wires (not
shown) within the elongate bodies 12, 52 of the ablation
catheter 10 and the guiding catheter 50, respectively. The
handle 18 of the ablation catheter 10 and the handle 58 of the
guiding catheter 50 include actuators for steering and/or
deflecting the catheters. In another embodiment, the handles
18, 58 are different in size and/or shape so that a practitioner
can easily distinguish one from the other during a medical
procedure. In a further embodiment, the handles or user inter-
faces 18, 58 are tactilely unique, meaning they each have a
different feel or texture relative to the other. For example, one
handle may have a soft or spongy surface while the other
handle has a hard or stift surface. Alternatively, one handle
may have a smooth surface compared to a rough or textured
surface on the other handle. It is advantageous to provide an
ablation system in which the handles 18, 58 on the ablation
catheter 10 and the guiding catheter 50 are different in size,
shape and/or tactility to permit a practitioner to easily and
quickly identify and distinguish the handle for controlling the
ablation catheter 10 versus the handle for controlling the
guiding catheter 50 during a medical procedure. As shown in
FIGS. 13 and 14, in one embodiment, the handle 18 attached
to the ablation catheter 10 is longer and more narrow than the
handle 58 attached to the guiding catheter 50.
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Referring to FIG. 10, the ablation catheter 10 is configured
in a coaxial relationship with both the handle 58 of the guid-
ing catheter 50 and the lumen 55 of the guiding catheter 50.
The handle 58 on the guiding catheter 50 may be manipulated
to steer and/or deflect the guiding catheter 50 to direct the
distal end 56 to a location near a tissue to be ablated. The
handle 18 on the ablation catheter 10 may also be manipulated
to steer and/or deflect the ablation catheter 10. The guiding
catheter 50 provides a pathway for delivering the distal por-
tion 16 of the ablation catheter 10 to the tissue site for abla-
tion. The guiding catheter 50 also advantageously constrains
the ablation catheter 10 within the lumen 55 of the guiding
catheter so that the ablating element 20 can be properly ori-
ented against the tissue to be ablated. More specifically, the
distal portion 16 of the ablation catheter 10 is advanced dis-
tally until the distal portion 16 extends beyond the distal end
56 of the guiding catheter 50. In one embodiment, the distal
portion 16 of the ablation catheter 10 is advanced about 5 cm
to about 15 cm beyond the distal end 56 of the guiding
catheter 50. The handle 18 of the ablation catheter 10 can then
be rotated axially as shown by the arrow AA depicted in FIG.
10. Rotating the handle 18 causes the distal portion 16 of the
ablation catheter 10 to also rotate axially as shown by the
arrow BB. Because it is constrained within the guiding cath-
eter 50, the distal portion 16 of the ablating catheter 10 spins
or rotates within the guiding catheter 50, whereas were the
distal portion 16 not constrained within the guiding catheter
50, the distal portion 16 would bend and deflect in a random
and uncontrollable fashion. Thus, not only does the guiding
catheter 50 provide means for guiding the ablation catheter 10
to the desired ablation site, the guiding catheter 50 also advan-
tageously assists in properly orienting the second surface 26
of the ablating element 20 in relation to the tissue to be
ablated.

FIGS. 11 and 12 depict the dual-handle configuration in a
single system. The ablation system 60 includes a first handle
58 for controlling the guiding catheter 58 and a second handle
18 for controlling the ablation catheter 10. The ablation cath-
eter handle 18 is adapted to move back and forth in a distal and
proximal direction to advance and withdrawal the distal por-
tion 16 of the ablation catheter 10 through the guiding cath-
eter 50. The handles 58, 18 are also rotatable axially relative
to a longitudinal axis of the catheter bodies.

Referring to FIG. 15, various combinations of handle con-
figurations can be used to provide different levels of control.
In addition, the ablation catheter 10 can be made so that it is
not removable or separable from the guiding catheter 50. In
System 1, the handle 58 for the guiding catheter 50 includes
an actuator for deflecting the guiding catheter 50. The handle
18 of the ablation catheter 10 is axially rotatable relative a
longitudinal axis of the elongate catheter body 12 to effect
axial rotation of the distal portion 16 of the ablation catheter
10. The ablation catheter handle 18 can be advanced distally
to extend the distal portion 16 of the ablation catheter 10 up to
about 35 cm beyond the distal end 56 of the guiding catheter
50. The guiding catheter has an inner diameter of about 4-5
mm. The ablation catheter 10 can be removed from the lumen
55 of the guiding catheter 50. System 2 is similar to System 1,
however the guiding catheter 50 has an inner diameter of
about 3-4 mm, and the ablation catheter 10 is not removable
from the lumen 55 of the guiding catheter 50.

In System 3, the handle 18 for the ablation catheter 10 can
be advanced distally to extend the distal portion 16 of the
ablation catheter 10 up to about 5 cm. The ablation catheter
handle 18 is also axially rotatable relative a longitudinal axis
of'the elongate catheter body 12 to effect axial rotation of the
distal portion 16 of the ablation catheter 10. In System 4, the
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ablation catheter handle 18 is axially rotatable, but cannot be
advanced distally to extend the distal portion 16 of the abla-
tion catheter 10 beyond the distal end 56 of the guiding
catheter 50. In both Systems 3 and 4, the guiding catheter has
an inner diameter of about 3-5 mm, and the ablation catheter
10 can be removed from the lumen 55 of the guiding catheter
50. The ablation systems described herein may incorporate
the handle designs and steering mechanisms used in known
steerable introducer systems such as the Agilis™ NxT Steer-
able Introducer and/or steerable catheter systems such as the
Livewire TC™ Ablation Catheter, currently distributed by St.
Jude Medical, Atrial Fibrillation Division, Inc. of St. Paul,
Minn.

Methods of ablating tissue will now be described. In one
embodiment, the method includes providing a guiding cath-
eter 50 and providing an ablation catheter 10 slidably dis-
posed within a lumen 55 of the guiding catheter 50. The
guiding catheter 50 includes an elongate guiding catheter
body 52 defining a lumen 55 extending therethrough, a distal
end 56, a proximal end portion 54 and a handle 58 mechani-
cally coupled to the proximal end portion 54. The ablation
catheter 10 includes some or all of the elements previously
described herein. For example, the ablation catheter 10
includes an elongate ablation catheter body 12 having a proxi-
mal end 14, ahandle 18 mechanically coupled to the proximal
end 14, and a distal portion 16 having means for ablating a
target tissue. The ablation catheter 10 further includes com-
ponents to orient the distal portion 16 of the ablation catheter
with respect to a target tissue, components to maintain the
distal portion 16 of the ablation catheter in a stable position
relative to a target tissue, and components to irrigate the target
tissue. In one embodiment, the ablation catheter 10 and the
guiding catheter 50 are configured to permit the ablation
catheter 10 to be inserted and removed from the guiding
catheter 50. In another embodiment, the ablation catheter 10
and guiding catheter 50 are configured such that the ablation
catheter 10 is not removable or separable from the guiding
catheter 50.

The methods described herein include, in one embodiment,
inserting the guiding catheter 50 into a body cavity and
advancing the guiding catheter 50 to a location near an epi-
cardial ablation target site. The guiding catheter 50 may be
inserted via known methods, including minimally-invasive
methods. In one embodiment, the guiding catheter 50 is
inserted into the pericardial space via a percutaneous subxi-
phoid approach. The ablation catheter 10 is slidably disposed
within the lumen 55 of the guiding catheter 50 and advanced
until the distal portion 16 of the ablation catheter 10 exits the
distal end 56 of the guiding catheter 50. In one embodiment,
the distal portion 16 of the ablation catheter 10 is advanced
about 5 cm to about 15 cm beyond the distal end 56 of the
guiding catheter 50. Alternatively, the ablation catheter 10
and the guiding catheter 50 may be a single device such that
the ablation catheter 10 is slidably disposed within the guid-
ing catheter 50, but is not separable from the guiding catheter.
In this embodiment, the guiding catheter 50 and ablation
catheter 10 are inserted into a body cavity simultaneously and
the distal portion 16 of the ablation catheter 10 may then be
advanced or extended beyond the distal end 56 of the guiding
catheter 50.

The ablating element 20 is then oriented to place the second
surface 26 in contact with or facing the target tissue, for
example an epicardial tissue. In one embodiment, the ablation
catheter handle 18 is rotated or otherwise manipulated to
cause axial rotation of the distal portion 16 of the ablation
catheter 10. In other words, the distal portion 16 of the abla-
tion catheter 10 rotates axially about a longitudinal axis of the
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ablation catheter body 12. EGM activity is sensed using the
one or more electrodes 48 that are disposed on the distal
portion 16 of the ablation device 10 near the ablating element
20. When an EGM signal is sensed, the second surface of the
ablating element is facing or contacting the epicardium. Thus,
the practitioner continues to move or rotate the ablation cath-
eter handle until an EGM signal is sensed, and optionally
receives a signal indicating the orientation of the electrodes
48 and thus, the ablating element 20.

Once the practitioner is confident that the second surface
26 is properly oriented in relation to the target tissue, a source
of'varying pressure, for example a vacuum pump, is activated
to establish a region of low pressure near the second surface
26 of the ablating element 20 via the ports 30. The region of
low pressure maintains the ablating element 20 in a stable
position and/or minimizes movement of the ablating element
20 relative to the target tissue. As noted previously, more than
one ablating element 20 can couple to the distal portion 16 of
the ablation catheter 10 and in that case one or more discrete
low pressure regions can be implemented.

The methods further include delivering a fluid to the target
tissue. The fluid, such as saline, hypertonic saline, water,
refrigerant, contrast fluid, or the like, flows through the irri-
gation lumen to the irrigation channel surrounding the ablat-
ing element to irrigate or cool the tissue. In one embodiment,
the temperature of the tissue is monitored via one or more
temperature sensors 64. The ablating element is then acti-
vated via a source of ablative energy to ablate the target tissue.
In a further embodiment, the ablation catheter 10 is slowly
withdrawn back through the guiding catheter 50 in a proximal
direction while ablative energy is applied to the tissue to
create a linear lesion. The vacuum pump may need to be
temporarily shut-off or reduced to effect movement of the
ablation catheter.

It is contemplated that, in one embodiment, the fluid does
not enter the low pressure area where the tissue is stabilized.
In other words, the vacuum pressure is sufficiently low to
maintain a boundary of contact between the tissue being
ablated and the fluid such that the fluid does not enter the ports
30 or the suction lumen 36.

After ablating the tissue, the completeness of the ablation
lesion can be confirmed using the one or more electrodes 48.
For example, in one embodiment, the electrodes 48 measure
an impedance, as previously described herein. In a second
embodiment, a first electrode may send a pacing signal across
the lesion to determine if the lesion is complete. If a second
electrode positioned on the opposite side of the ablating ele-
ment 20 relative to the first electrode does not detect the
pacing signal, or the signal is received relatively later than a
pacing signal sent and received previously, the lesion can be
considered relatively complete and free of ion-conducting
inter-lesion gaps. Alternatively, the electrodes 48 may be used
to measure impedance of the tissue between the electrodes 48
compared to a pre-ablation measurement.

EXAMPLE

The following example of methods of use is provided as
additional disclosure although the specifics should be gener-
ally appreciated by those of skill in the art to which this
disclosure pertains.

A method of ablating epicardial tissue includes providing a
guiding catheter, the guiding catheter comprising a body and
a continuous lumen extending through the body, a distal end,
aproximal portion, and a first handle coupled to the proximal
end, and providing an ablation catheter slidably disposed
within the lumen of the guiding catheter. The ablation cath-
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eter includes an elongate body defining a lumen therethrough,
aproximal end, a second handle coupled to the proximal end,
a distal portion, and at least one ablating element coupled to
the distal portion. The at least one ablating element includes
a first surface and a second surface, and the second surface
includes a base portion, at least one port and a rim. The
ablation catheter further includes at least one cardiac elec-
trode coupled to the distal portion of the elongate body, a
suction lumen coupled to the at least one port at a distal end
thereof and a source of varying pressure at a proximal end
thereof. Additionally, the ablation catheter includes an irriga-
tion channel surrounding at least a portion of the rim, and an
irrigation lumen fluidly coupled to the irrigation channel at a
distal end thereofand a source of irrigation fluid at a proximal
end thereof.

The method further includes inserting the guiding catheter
and the ablation catheter into a body cavity, advancing the
guiding catheter and the ablation catheter to a location near an
epicardial tissue, and advancing the ablation catheter through
the guiding catheter until the ablating element exits the distal
end of the guiding catheter. The step of inserting a guiding
catheter and the ablation catheter into a body cavity may
include inserting the guiding catheter into the pericardial
space via a percutaneous subxiphoid approach. The ablating
element is oriented to place the second surface in contact with
or facing an epicardial tissue, and the source of varying pres-
sure is activated to maintain the ablating element in a stable
position relative to the tissue, or minimize relative movement
of the ablating element relative to the tissue. A fluid is deliv-
ered through the irrigation lumen and the irrigation channel to
irrigate the tissue, and the ablating element is activated to
ablate the tissue. To orient the ablating element in relation to
the tissue, the second handle is manipulated to cause axial
rotation of the distal portion of the ablation catheter relative to
alongitudinal axis of the elongate ablation catheter body, and
the at least one pair of electrodes sense electrical activity on
the tissue to indicate when the ablating element is oriented
towards the epicardial tissue. The at least one pair of elec-
trodes may measure an impedance after ablating the tissue to
confirm that an effective lesion has been created.

Another aspect of the disclosure, which is well-suited for
use in connection with ultrasound ablation applications, is
illustrated as tissue ablation apparatus 100 in FIG. 16. Tissue
ablation apparatus 100 includes a body 102 (which may be an
extension of elongate body 12 described above). Extending
through body 102 are a first, or vacuum, lumen 104 and a
second, or irrigation, lumen 106 extending therethrough. As
shown in FIG. 16, first and second lumens 104 and 106 are
separated from each other.

Firstlumen 104 may also connect to a third lumen 107. One
of'ordinary skill in the art will appreciate that third lumen 107
is thus also a vacuum lumen. First lumen 104 has an interior
cross-sectional area that is between about 10 to about 20 times
greater than the interior cross-sectional area of third lumen
107, with a relationship of about 17:1 being particularly desir-
able.

An ultrasound ablation element 108 is positioned within a
distal region of body 102. As generally known in the art,
ultrasound ablation element includes an ultrasound trans-
ducer 110 and a membrane 112. Membrane 112 extends over
at least a portion of transducer 110, thereby defining a cavity
114 between membrane 112 and transducer 110. Second
lumen 106 is in fluid communication with cavity 114 so as to
allow a fluid (e.g., normal saline) to flow from a fluid supply
(not shown), through second lumen 106, and into cavity 114
to both cool transducer 110 and facilitate the delivery of
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ultrasonic energy to adjacent tissue. This connection is
referred to herein as a “fluid pathway.”

Tissue ablation apparatus 100 further includes dual suction
ports, one on either side (e.g., distal and proximal) of ultra-
sound ablation element 108. Thus, body 102 includes a first
orifice 116 proximal to ultrasound ablation element 108 and a
second orifice 118 distal to ultrasound ablation element 108.
First orifice 116 opens to first lumen 104 to define a first
vacuum (or suction) pathway. Similarly, second orifice 118
opens to third lumen 107 (and thus, as shown in FIG. 16, to
first lumen 104) to define a second vacuum (or suction) path-
way. The second vacuum pathway further includes a distal
vacuum chamber 119, generally defined as the space between
the end of third lumen 107 and second orifice 118.

One of ordinary skill in the art will appreciate that, in the
configuration shown in FIG. 16, suction in the second vacuum
pathway (i.e., the pathway formed by distal vacuum chamber
119, third lumen 107, and first lumen 104) is subordinate to
and dependent upon suction in the first vacuum pathway (i.e.,
the pathway formed by first lumen 104 alone). That is, if the
first vacuum pathway is not sealed against tissue, there will be
little or no suction through the second vacuum pathway.

Similarly, if the second vacuum pathway is not sealed
against tissue, suction through the first vacuum pathway will
be reduced. To address this concern, and thus to facilitate
sufficient suction for stability against tissue even if the second
vacuum pathway is not sealed against tissue, tissue ablation
apparatus 100 further includes at least one flow control appa-
ratus positioned to regulate flow through the second vacuum
pathway independent of flow through the first vacuum path-
way. That is, the flow control apparatus regulates flow
through the second vacuum pathway, but not the first vacuum
pathway. Thus, in some embodiments, the flow control appa-
ratus is positioned at the distal end of third lumen 107, i.e., at
the junction 120 between third lumen 107 and second distal
vacuum chamber 119 so as to regulate flow through the sec-
ond (i.e., more distal) vacuum pathway. Of course, it is within
the spirit and scope of the present teachings to provide flow
regulation through both vacuum pathways, provided the path-
ways remain separately regulated (e.g., a first flow control
apparatus regulates flow through the first vacuum pathway
only, while a second flow control apparatus regulates flow
through the second vacuum pathway only). Likewise, the
flow control apparatus can be positioned anywhere along
third lumen 107, or even beyond the distal end of third lumen
107 (e.g., adjacent second orifice 118 within distal vacuum
chamber 119), and still provide regulation of flow only
through the second vacuum pathway.

For the sake of illustration, three suitable flow control
apparatuses are depicted in FIGS. 17A-17C. FIG. 17A
depicts a mesh screen, which is referred to herein as a “pas-
sive flow regulating apparatus.” As used herein, the term
“passive flow regulating apparatus” refers to any apparatus
that obstructs flow without moving parts, such as tortuous
pathways, weirs, screens, shunts, blocks, and the like.

In contrast, FIGS. 17B and 17C depict “active” flow regu-
lating apparatuses—that is, apparatuses that obstruct or
restrict flow via the use of moving parts. The term “iris” is
used herein to describe an active flow apparatus that varies the
effective size (e.g., diameter) of its opening, such as by
mechanical, electronic, or other control (e.g., via fluid pres-
sure). Thus, the duckbill valve shown in FIG. 17B and the
inflatable balloon mechanical iris depicted in FIG. 17C are
active flow control apparatuses that may be employed to good
advantage in tissue ablation apparatus 100. Other active flow
control apparatuses include, without limitation, checkvalves,
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waterwheels (e.g., rotor-type, backshot-type, and breastshot-
type), and mechanical shutters.

Where an iris is used, it may be desirable to provide for user
control of the effective size of the iris by mechanically linking
the iris to a suitable actuator at the proximal end of body 12
(e.g., into handle 58). The term “mechanically linked” is used
herein to describe an actual physical linkage between the iris
and the actuator therefor. One example of such a link is a pull
wire coupled to a mechanical shutter that can be used to open
and close the iris. Of course, other configurations are contem-
plated as well.

Itis also desirable to regulate the flow ofirrigation/cooling/
acoustic coupling fluid through the fluid pathway. Accord-
ingly, tissue ablation apparatus 100 may also include a fluid
flow control apparatus positioned to regulate fluid flow
through an outlet 122 of the fluid pathway. FIG. 16 depicts the
outlet as opening into the distal vacuum chamber 119; thus, it
is contemplated that the fluid flow control apparatus may be
positioned at the junction between the fluid pathway and the
second vacuum pathway. It should be understood, however,
that the fluid flow control apparatus may be placed anywhere
along the fluid pathway to control flow therethrough. Suitable
fluid flow control apparatuses are generally similar to the flow
control apparatuses described above in connection with the
vacuum pathways.

There are advantages associated with a fluid pathway that
discharges into distal vacuum chamber 119. For example, any
air that is in cavity 114 is more easily purged. Likewise, the
suction also facilitates elimination of bubbles. Another
advantage is that irrigation/cooling/acoustic coupling fluid
discharged into distal vacuum chamber 119 can be more
easily scavenged without any adverse effects due to fluid
pooling in the pericardial space.

Of course, there is a balance required between fluid flow
through the fluid pathway and suction/vacuum applied to the
second vacuum pathway in order to ensure that 114 remains
under positive pressure. Thus, it is contemplated to provide a
pressure sensor in the fluid pathway, the output of which can
be monitored and considered when adjusting fluid flow and/
or vacuum flow, either automatically or manually.

Proper fluid pressure can also be maintained by properly
sizing the inlet and outlet of the fluid flow control apparatus.
For example, it has been determined that the cross-sectional
area of the inlet should be about 4 to about 20 times greater
than the cross-sectional area of the outlet in order to maintain
proper fluid pressure within cavity 114.

The recitation of one or more embodiments discussed or
described herein does not imply that other embodiments are
not useful and is not intended to exclude other embodiments
from the scope of the invention and no disclaimer of other
embodiments should be inferred from the discussion of a
certain embodiment or a figure showing a certain embodi-
ment.

Although several embodiments of this invention have been
described above with a certain degree of particularity, those
skilled in the art could make numerous alterations to the
disclosed embodiments without departing from the spirit or
scope of this invention. For example, one of ordinary skill in
the art will appreciate that the features and aspects disclosed
above can be combined in various combinations, not all of
which are explicitly described, without departing from the
contemplation of the present teachings.

For example, FIG. 16 depicts the first and second vacuum
pathways as connected and co-dependent. It is contemplated,
however, that, in certain aspects, the first and second vacuum
pathways may also be isolated from one another, for example
via the use of dedicated lines and/or a manifold or source
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outside of tissue ablation apparatus 100. This would allow
suction in the first and second vacuum pathways to be essen-
tially independent of each other (i.e., a loss of vacuum in one
of the vacuum pathways has little or no effect on the suction
in the other vacuum pathway).

All directional references (e.g., upper, lower, upward,
downward, left, right, leftward, rightward, top, bottom,
above, below, vertical, horizontal, clockwise, and counter-
clockwise) are only used for identification purposes to aid the
reader’s understanding of the present invention, and do not
create limitations, particularly as to the position, orientation,
or use of the invention. Joinder references (e.g., attached,
coupled, connected, and the like) are to be construed broadly
and may include intermediate members between a connection
of elements and relative movement between elements. As
such, joinder references do not necessarily infer that two
elements are directly connected and in fixed relation to each
other.

It is intended that all matter contained in the above descrip-
tion or shown in the accompanying drawings shall be inter-
preted as illustrative only and not limiting. Changes in detail
or structure may be made without departing from the spirit of
the invention as defined in the appended claims.

What is claimed is:
1. A tissue ablation catheter comprising:
an elongate catheter body with a central longitudinal axis,
the catheter body having at least a first lumen and a
second lumen extending longitudinally through the
catheter body, wherein the elongate catheter body is
deflectable;
an ultrasound ablation element positioned within a distal
region of the elongate catheter body, the ultrasound abla-
tion element comprising:
an ultrasound transducer; and
a membrane extending over at least a portion of the
ultrasound transducer, thereby defining a cavity
between the membrane and the ultrasound transducer,

wherein the second lumen is coupled to the cavity to
define a fluid pathway;

a first orifice in the elongate catheter body proximal of the
ultrasound ablation element and open to the first lumen
to define a first vacuum pathway;

a distal vacuum chamber defined by the elongate catheter
body distal of the ultrasound ablation element and in
communication with the first lumen to define a second
vacuum pathway;

a second orifice in the elongate catheter body distal of the
ultrasound ablation element and open to the distal
vacuum chamber; and

at least one flow control apparatus positioned to regulate
flow through one of the vacuum pathways independent
of flow through the other vacuum pathway.

2. The tissue ablation catheter according to claim 1, further
comprising a third lumen coupled to the first lumen, wherein
the third lumen is in communication with the distal vacuum
chamber, and wherein the second vacuum pathway includes
the third lumen.

3. The tissue ablation catheter according to claim 2,
wherein an interior cross-sectional area of the first lumen is
about 10 to about 20 times greater than an interior cross-
sectional area of the third lumen.

4. The tissue ablation catheter according to claim 1,
wherein the at least one flow control apparatus comprises:

a first flow control apparatus positioned to regulate flow

through the first vacuum pathway independent of flow
through the second vacuum pathway; and
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a second flow control apparatus positioned to regulate flow
through the second vacuum pathway independent of
flow through the first vacuum pathway.
5. The tissue ablation catheter according to claim 1,
wherein the fluid pathway comprises an outlet, and wherein
the outlet of the fluid pathway opens into the second vacuum
pathway.
6. The tissue ablation catheter according to claim 5, further
comprising a fluid flow control apparatus positioned to regu-
late fluid flow through the outlet of the fluid pathway and into
the second vacuum pathway.
7. The tissue ablation catheter according to claim 6,
wherein the fluid flow control apparatus has an inlet and an
outlet, and wherein the inlet of the fluid flow control apparatus
has a cross-sectional area between about 4 and about 20 times
greater than a cross-sectional area of the outlet of the fluid
flow control apparatus.
8. The tissue ablation catheter according to claim 1,
wherein the at least one flow control apparatus comprises an
iris.
9. The tissue ablation catheter according to claim 8, further
comprising an actuator coupled to the body and mechanically
and operably linked to the iris in order to vary an effective size
thereof.
10. The tissue ablation catheter according to claim 1,
wherein the at least one flow control apparatus comprises a
passive flow regulating apparatus.
11. A tissue ablation catheter comprising:
an elongate catheter body having a central longitudinal
axis, the elongate catheter body having at least a first
lumen and a second lumen extending through the cath-
eter body, wherein the catheter body is deflectable;
an ultrasound ablation element positioned within a distal
region of the elongate catheter body, the ultrasound abla-
tion element comprising:
an ultrasound transducer; and
a membrane extending over at least a portion of the
ultrasound transducer, thereby defining a cavity
between the membrane and the ultrasound transducer,

wherein the second lumen is coupled to the cavity to
define a fluid pathway;

a first orifice in the elongate catheter body proximal of the
ultrasound ablation element and open to the first lumen
to define a first vacuum pathway;

a second orifice in the elongate catheter body distal of the
ultrasound ablation element and open to the first lumen
to define a second vacuum pathway,

wherein the fluid pathway is coupled to the second vacuum
pathway;

a flow control apparatus positioned to regulate flow
through the second vacuum pathway independent of
flow through the first vacuum pathway; and

a fluid flow control apparatus positioned to regulate flow
through the fluid pathway into the second vacuum path-
way.

12. The tissue ablation catheter according to claim 11,
wherein the fluid flow control apparatus is positioned at a
junction between the fluid pathway and the second vacuum
pathway.

13. The tissue ablation catheter according to claim 11,
wherein the flow control apparatus is positioned at a distal end
of the first lumen.

14. The tissue ablation catheter according to claim 11,
wherein at least one of the fluid flow control apparatus and the
flow control apparatus comprises an iris.



US 9,314,298 B2

19

15. The tissue ablation catheter according to claim 14,
further comprising an actuator coupled to the elongate body
and mechanically and operably linked to the iris to adjust an
effective size thereof.

16. The tissue ablation catheter according to claim 11,
wherein at least one of the fluid flow control apparatus and the
flow control apparatus comprises a passive flow regulating
apparatus.

17. A tissue ablation catheter comprising:

an elongate tubular body having a central longitudinal axis,

the elongate tubular body having a proximal end and a
distal region, wherein the elongate tubular body is
deflectable;

a vacuum lumen extending through the elongate tubular

body from the proximal end to the distal region;

an irrigation lumen extending through the elongate tubular

body from the proximal end to the distal region;

an ultrasound ablation element positioned within the distal

region of the elongate tubular body, the ultrasound abla-

tion element comprising:

an ultrasound transducer; and

a membrane extending over at least a portion of the
ultrasound transducer, thereby defining a cavity
between the membrane and the ultrasound transducer,

wherein the irrigation lumen discharges into the cavity;

a first vacuum orifice through the elongate tubular body

into the vacuum lumen proximal of the ultrasound abla-
tion element;
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a second vacuum orifice through the elongate tubular body
into the vacuum lumen distal of the ultrasound ablation
element,

a fluid discharge orifice in communication with the cavity
and proximate a junction between the second vacuum
orifice and the vacuum lumen; and

at least one means for controlling a flow through one ofthe
first vacuum orifice, the second vacuum orifice, and the
fluid discharge orifice independent of others of the first
vacuum orifice, the second vacuum orifice, and the fluid
discharge orifice.

18. The tissue ablation catheter according to claim 17,
wherein the at least one means for controlling a flow com-
prises: a first means for controlling a flow through one of the
first and second vacuum orifices independent of the other of
the first and second vacuum orifices and the fluid discharge
orifice; and a second means for controlling a flow through the
fluid discharge orifice independent of flow through the first
and second vacuum orifices.

19. The tissue ablation catheter according to claim 17,
wherein the at least one means for controlling a flow com-
prises a passive means for controlling a flow.

20. The tissue ablation catheter according to claim 17,
wherein the at least one means for controlling a flow com-
prises an active means for controlling a flow.
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